Study Objectives: Obstructive sleep apnea (OSA) is commoner in patients with fluid-retaining states than in those without fluid retention, in men than in women, and worsens with aging. In men, OSA severity is related to the amount of fluid shifting out of the legs overnight, but a cause-effect relationship is not established. Our objective was to test the hypothesis that mimicking fluid overload during sleep would increase severity of OSA more in older (≥ 40 years) than in younger men (< 40 years). Design: Randomized, single-blind, double crossover study. Setting: Research sleep laboratory. Patients or Participants: Seven older and 10 younger men with non-severe or no sleep apnea, matched for body mass index. Interventions: During the control arm, normal saline was infused to keep the vein open. During intervention, subjects received an intravenous bolus of normal saline (22 mL/kg body weight) after sleep onset while they were wearing compression stockings to prevent fluid accumulation in the legs. Measurements and Results: Compared to younger men, infusion of similar amounts of saline in older men caused a greater increase in neck circumference (P < 0.05) and in the AHI (32.2 ± 22.1 vs. 2.2 ± 7.1, P = 0.002). Conclusions: Older men are more susceptible to the adverse effects of intravenous fluid loading on obstructive sleep apnea severity than younger men. This may be due to age-related differences in the amount of fluid accumulating in the neck or upper airway collapsibility in response to intravenous fluid loading. These possibilities remain to be tested in future studies. Keywords: age, blood pressure, fluid overloading, male sex, obstructive sleep apnea Citation: Yadollahi A, Gabriel JM, White LH, Taranto Montemurro L, Kasai T, Bradley TD. A randomized, double crossover study to investigate the influence of saline infusion on sleep apnea severity in men. SLEEP 2014;37(10)
INTRODUCTION
Obstructive sleep apnea (OSA) is more common in men than in women, and more common in older men than in younger men. 1 Although the key pathological feature of OSA is recurrent upper airway (UA) collapse during sleep, the cause of this collapse is not fully understood. Moreover, although continuous positive airway pressure alleviates OSA, many patients are intolerant of it. 2 Thus, a more complete understanding of OSA pathogenesis could lead to better treatments. Since OSA is much more prevalent in patients with fluid-retaining states such as heart failure and renal failure than in the general population, 3, 4 the concept has emerged that overnight displacement of fluid from the legs into the neck can contribute to the pathogenesis of OSA.
The UA of patients with OSA is typically narrower and more collapsible while awake than in controls. [5] [6] [7] [8] UA collapse during sleep occurs when the normal withdrawal of UA dilator muscle activity at sleep onset is superimposed upon a narrow UA. 5 UA collapsibility increases with aging in association with increased prevalence and severity of OSA. 9, 10 One cause of UA narrowing can be expansion of soft tissues and fluid in the neck that can increase peripharyngeal tissue pressure, impinge on the UA lumen, and predispose to OSA. 11, 12 For example, increases in fluid volumes of the jugular veins could displace the lateral walls of the pharynx inwardly and narrow the UA. In addition, increased hydrostatic capillary pressure in peripharyngeal tissues could cause transcapillary fluid filtration into the interstitial tissues of the neck and increase UA collapsibility and resistance. 13 Previously, we showed that in non-obese healthy men, and in patients with heart failure, hypertension, and end-stage renal disease, severity of OSA, assessed by the frequency of apneas and hypopneas per hour of sleep (apnea-hypopnea index [AHI]), is strongly related to the amount of fluid displaced out of the legs overnight and to a reciprocal increase in neck circumference (NC). [14] [15] [16] [17] [18] [19] However, since these findings were observational, they did not establish a cause-effect relationship between fluid shifting into the neck and OSA. Therefore, we designed the present study to test the hypothesis that experimental induction of fluid overload via infusion of normal saline during sleep would cause a greater increase in severity of OSA in older men than in younger men.
INFLUENCE OF SALINE INFUSION ON SLEEP APNEA SEVERITY IN MEN
A
METHODS

Subjects
Subjects were recruited by advertisement. Inclusion criteria were non-obese men, whom we divided into 2 groups: one group < 40 years (younger) and a second group ≥ 40 years of Inducing Sleep Apnea by Fluid Overload-Yadollahi et al.
age (older), with a body mass index (BMI) < 30 kg/m 2 , a Berlin Questionnaire (BQ) score ≤ 1, and blood pressure (BP) ≤ 140/90 mm Hg. We chose a cutoff age 40 years because OSA is much more common in men > 40 than in men < 40 years of age, and because the peak prevalence of OSA in men is observed between the ages of 40 and 49 years. 1 The exclusion criteria were a history of cardiovascular, renal, neurological, or respiratory diseases; taking any prescribed medication for these disorders; taking any over-the-counter medication that might influence fluid retention; a previous diagnosis of OSA; AHI ≥ 30 during the control arm of the protocol; or having less than one hour of sleep during either arm of the protocol.
Sleep Studies
To facilitate daytime sleep, subjects underwent a single night of voluntary sleep restriction to < 4 h the night before each arm of the study to induce sleepiness. For their convenience, subjects underwent polysomnography during the daytime using standard techniques and criteria for scoring sleep stages and arousals. Thoracoabdominal motion was monitored by respiratory inductance plethysmography, nasal pressure by nasal cannulae, and arterial oxyhemoglobin saturation (SaO 2 ) by oximetry. 20 Apneas and hypopneas were defined and classified as obstructive or central as previously described. 21 Subjects slept supine for the entire study period to eliminate any potential effect of postural changes on AHI and other variables. Sleep studies were scored by personnel blinded to randomization, and the AHI was calculated.
Saline Infusion
We inserted a 20 gauge intravenous catheter into a left forearm vein to infuse normal saline (0.9% NaCl in water), which we used because it is isotonic to plasma. During the control session, saline was infused at the minimal rate to keep the vein open. During the intervention session, saline was initially infused to keep the vein open, but once the subject entered stage 2 sleep, a bolus of 22 mL/kg body weight was infused over 30 minutes. This volume was chosen because it is safe and does not induce pulmonary edema in healthy subjects, 22 and because it induces a transient state of fluid overload similar in degree to that in hemodialyzed renal failure patients between dialysis sessions (i.e., ≈ 2 L). Saline was heated to the body temperature by placing the bag in warm water at 37°C. None of the subjects complained about feeling cold due to saline infusion. To prevent saline accumulation in the legs, below-theknee compression stockings were placed on subjects' legs and worn throughout the saline infusion arm.
Blood Pressure, Upper Airway Cross-Sectional Area, and Neck Circumference
At the beginning of the study prior to sleep, systolic, diastolic, and mean arterial BP (SBP, DBP, and MAP, respectively), and heart rate (HR) were measured using an automated sphygmomanometer. The measurements were repeated 3 times with 2-min intervals between successive measurements and were averaged to give a mean value. Then with subjects supine, upper airway cross-sectional area (UA-XSA) was assessed by acoustic pharyngometry, 23 and NC by tape measure above the cricothyroid cartilage. A line was drawn at this level to ensure that measurements before and after sleep were made at the same level, as previously described. 18, 19 All measurements made prior to sleep were repeated following sleep.
Protocol
This was a randomized, single-blind, double crossover protocol. Subjects arrived in the sleep laboratory at noon following a night of sleep deprivation, and were instrumented for sleep studies. To reduce the effects of bias and confounders, subjects were randomized after they were set up to start the experiment. They were randomized into control or intervention arm using a computer-generated randomization table with unequal blocks of 2 and 4. Although subjects were blind to the intervention, experimenters were of necessity not blinded. However, personnel analyzing the results were kept blind to randomization. All subjects slept on a single foam pillow. Baseline measurements were then made, after which subjects were randomized to a control or intervention session. Once subjects woke up, baseline measurements were repeated. One week after the initial session, subjects crossed over to the other arm of the study. The protocol was approved by the Research Ethics Board of Toronto Rehabilitation Institute, and all subjects provided written consent prior to participation.
Data Analysis
During both control and saline infusion arms, changes (Δ) in NC, UA-XSA, HR, SBP, DBP, and MAP from pre-sleep to post-sleep were calculated. Characteristics of the younger and older groups were compared by Student t-tests or MannWhitney test. Within each group, we compared different variables during control and intervention periods by Student t-tests or Mann-Whitney test. We also compared the effects of saline infusion on different variables using Student t-tests or MannWhitney test. The change in AHI between the control and intervention periods between the 2 groups was compared by analysis of covariance (ANCOVA) to take into account potential variations during the control period. The primary outcome of this study was the difference in the change in AHI between the older and younger groups in response to saline infusion. The secondary outcomes were the differences in the changes in SBP, DBP, MBP, UA-XSA, and NC between the older and younger groups in response to saline infusion. Statistical analyses were performed by SAS 9.3, and a two-sided P-value < 0.05 was considered significant. Data are presented as mean ± SD.
RESULTS
Characteristics of the Subjects
Thirty-seven men were screened for eligibility criteria, and 35 met screening criteria for the study. Eighteen subjects were excluded: 10 had AHI > 30 during control arm, 5 subjects could not fall sleep during the day, and 3 subjects were lost to follow-up. Recruitment flow diagram of the study is presented in Figure 1 . Seventeen subjects (10 < 40 years and 7 ≥ 40 years of age) completed both arms of the study. Table 1 shows the baseline characteristics of the subjects in the 2 groups. Age was significantly greater in the older group by design. Height, weight, BMI, HR, and baseline BP were similar in both groups.
There was a nonsignificant tendency in older men towards a greater NC and smaller UA-XSA than the younger group. The AHI during the control arm was significantly greater in the older group than in the younger group (P = 0.033).
Effects of Saline Infusion
Within Group Comparisons Table 2 shows the influence of saline infusion within each age group. In the younger group, the volume of infused saline was significantly higher during intervention than control by design. There was no significant difference in total sleep time or the sleep structure between the 2 study arms. However, sleep efficiency was lower during intervention than during control (P = 0.01). There was no difference in ΔSBP, ΔDBP, ΔMAP, ΔHR, or ΔUA-XSA between the 2 arms. While during intervention, NC increased more than during the control arm (P = 0.008, Table 2 ), total, NREM and REM AHI, and minimum SaO 2 did not change significantly compared to control ( Figure 2 and Table 2 , respectively).
In the older group, the volume of infused saline was higher during intervention than during control by design. There was no significant difference in total sleep time, sleep efficiency, time spent in N1 or N2 NREM sleep, ΔSBP, ΔDBP, ΔMAP, ΔHR, or ΔUA-XSA between the 2 study arms (Table 2) . However, in the older group compared to the control arm, saline infusion caused a decrease in N3 NREM sleep but no change in REM. Similar to the younger group, NC increased more during intervention than during control (P = 0.010, Table 2 ). However, in contrast to the younger group, there was a highly signifi cant 3-fold increase in the total AHI during intervention compared to control in the older group (P = 0.008, Figure 2A ). This was due to a signifi cant increase in NREM AHI, whereas REM AHI did not change ( Figure 2B and 2C ). There was no signifi cant change in minimum SaO 2 during intervention compared to control (Table 2) . Table 3 shows comparisons of the effects of intervention on variables between the older and younger groups. In both groups, similar amounts of saline were infused during intervention. There was no signifi cant difference in total sleep time, sleep effi ciency, N1 and N3 NREM sleep, and REM sleep during intervention between the 2 groups. However, older subjects had more N2 NREM sleep than younger subjects (P = 0.014). Compared to the younger group, the older group experienced greater increases in ΔSBP (P = 0.004), ΔDBP (P = 0.029), and ΔMAP (P = 0.008), but not in ΔHR during intervention. Intervention caused a greater increase in ΔNC (P = 0.048), but there was no difference in ΔUA-XSA between the older and younger group. There was a much greater increase in total and NREM AHI in the older than in the younger group in response to intervention (P = 0.002, and P = 0.003, respectively; Figure 2A and 2B), although REM AHI did not differ. In addition, for all subjects, ΔSBP, ΔDBP, and ΔMAP during intervention correlated signifi cantly with the AHI (ΔSBP: R 2 = 0.404, P = 0.006, ΔDBP: R 2 = 0.414, P = 0.005, and ΔMAP: R 2 = 0.494, P = 0.002). When considering age as a continuous variable, we found that there was a signifi cant correlation between age and the increase in NC during saline infusion (r = 0.59, P = 0.013, Figure 3) . The relationship remained signifi cant even after controlling While all subjects had NREM sleep on both sleep studies, only 7 younger and 4 older subjects had REM sleep on both sleep studies. In the younger group, there was no signifi cant change in the total, NREM, and REM AHI between the control and intervention. However, in the older group the total and NREM AHI increased signifi cantly from control to intervention. The increase in the total and NREM AHI from control to intervention was signifi cantly greater in the older than in the younger group. for baseline values of NC or the change in NC during the control arm of the study. We also found a significant correlation between age and change in AHI from control to intervention (r = 0.58, P = 0.015, Figure 4 ).
Between Group Comparisons
DISCUSSION
The most important finding of our study was that, compared to a control sleep session, infusion of normal saline while wearing compression stockings caused a highly significant 3-fold increase in the AHI in older, but not in younger men, despite a similar amount of saline infused in both groups. This difference remained significant even after controlling for differences in the AHI values during the control session. This increase in the AHI in the older subjects was associated with a greater increase in NC, suggesting that despite a similar amount of infused saline, neck fluid volume increased more in the older than the younger men. These results suggest that among men, age is a significant factor affecting both the amount of fluid accumulating in the neck and the severity of OSA in response to saline infusion, which could be one factor contributing to the higher prevalence of OSA in older than in younger men.
The greater increase in NC in older than in younger men and the linear relationship between change in NC and age during saline infusion was likely due to greater fluid accumulation in the jugular veins and/or interstitial spaces of the neck in the older subjects. This may have caused a greater increase in peripharyngeal tissue pressure that would increase UA collapsibility and resistance, and could have contributed to the greater increase in AHI in the older than in the younger men. The observation that the change in AHI during saline infusion is linearly related to age provides further support for this possibility and emphasizes that age could play an important role in susceptibility to the UA collapse during saline infusion.
Although the increase in neck fluid volume might be expected to decrease UA-XSA, there was no significant decrease in UA-XSA in response to intervention compared to control in either group. This could be because we measured UA-XSA while the subjects were awake, because acoustic pharyngometry only measures UA-XSA below the level of the retro-palatal pharynx (and therefore would not be able to detect a reduction in retropalatal XSA), or that factors other than UA narrowing per se were involved in the greater increase in AHI in response to saline infusion in older than in younger men.
Several other factors may have contributed to the markedly greater increase in AHI in the older than in the younger men in response to saline infusion. One could be that fluid accumulation in the neck has more adverse effects in the older population due to the effects of aging on the properties of the UA. In support of this possibility, UA collapsibility and resistance during sleep increase with age. 9, 10, 24 In addition, UA dilator reflexes may deteriorate with age, and ventilatory and genioglossus muscle responses to hypoxia are significantly lower in older (> 40 years) than in younger individuals. 25 Thus, whereas younger individuals may have reflexively increased UA dilator muscle activity in response to peri-pharyngeal fluid accumulation sufficient to prevent UA collapse, older individuals may not. Another possibility is that the greater increase in AHI in response to saline infusion in the older group occurred because they started with a somewhat higher AHI during the control study than the younger group. However, this is very unlikely because after controlling for differences in baseline AHI by ANCOVA, the saline-induced increase in AHI in the older group was still much greater than in the younger group.
Our results show that while fluid loading caused a significant 3-fold increase in NREM AHI in the older, but not in the younger group, it had no effect on REM AHI in either group. The reason why saline infusion increased NREM but not REM AHI in older men is unclear. One possibility is that during REM sleep, muscle atonia is at its maximum and that UA mechanics cannot be further worsened by saline infusion. In contrast, during NREM sleep, pharyngeal muscle activity is higher than in REM sleep. 26 Thus, there may be greater potential for nocturnal fluid shift into the peripharyngeal region to worsen UA mechanics in NREM than in REM sleep. However, one limitation to interpreting the reason for the observed difference between NREM and REM sleep AHI responses to saline infusion in older men is that only four of them had REM sleep on both sleep studies. A second important finding was that saline infusion induced much greater increases in SBP, DBP and MAP in the older than in the younger men. This finding suggests that older men are more susceptible than younger men to the BP raising effects of intravascular fluid. However, this finding was unanticipated and the mechanisms involved were not identified. Several factors could have contributed to this greater BP increase in older men. First, arterial stiffness increases with aging and can begin as early as the third decade. [27] [28] [29] Second, renal plasma flow and glomerular filtration rate decrease significantly, while renal vascular resistance increases and sodium homeostasis is impaired with aging. [30] [31] [32] Consistent with those observations, a previous study showed that after fluid overloading, older men excreted less urine and reduced urine osmolality less than younger men. 33 A third possibility, supported by the observation that the magnitude of blood pressure increase was directly related to the AHI on the saline infusion night, is that worsening of OSA induced by saline infusion raised BP possibly through apneainduced, sympathetically mediated vasoconstriction. 34 Based on these observations, BP could have risen more in older than in younger men in response to saline infusion because they had less compliant blood vessels, excreted less urine and sodium, or because their AHI increased more.
In relation to the results of the present study, we recently observed that in 16 older (age 60.0 ± 10.9 years) hypertensive patients with OSA, diuretics had the opposite effect on NC, AHI, and BP to saline infusion. 35 Intensive diuretic therapy for two weeks reduced the overnight fluid shift from the legs and reduced the degree of the overnight increase in NC, in conjunction with reductions in the AHI and morning SBP and DBP. Thus, while on one hand, fluid loading during sleep in older men induced increases in NC, AHI, and BP, on the other hand, diuretic therapy in older hypertensive patients with OSA reduced NC, AHI, and BP. Taken together, these findings provide further evidence that fluid loading could contribute to the pathogenesis of OSA and nocturnal BP elevations, at least in older men.
Based on these results, it is possible that saline infusion for fluid resuscitation on medical wards and intensive care units, as well as fluid infusion during surgery may induce sleep apnea in older men. In this regard, Chung et al. investigated the factors that were associated with the postoperative exacerbation of sleep apnea. 36 They showed that in 376 patients, compared to the preoperative AHI, there was a 50% increase in AHI on the third night after surgery. In addition, the postoperative increase in AHI was directly related to age. It is possible that fluid infusion and overload after surgery could have contributed to this postoperative worsening of OSA.
Our study was subject to some limitations. To avoid the potential confounding effects of obesity on OSA and fluid retention, we limited our study to non-obese subjects (BMI < 30). Therefore, our results may not be applicable to obese individuals. We have also limited our study to non-severe OSA (AHI < 30) because we wished to avoid a ceiling effect whereby OSA could not be made any worse by saline infusion than it already was, or to avoid inducing even worse OSA in such subjects. Our study was confined to men because previous studies showed that in patients with heart failure or renal failure, strong correlations between the overnight decrease in leg fluid volume and severity of OSA were observed in men, but not in women. 17, 37 Those results suggested that men are more susceptible to UA collapse in response to overnight rostral fluid shift than women. Further studies will be required to determine if men and women also differ in their AHI response to saline infusion during sleep.
For reasons of feasibility and convenience for subjects, sleep studies were performed during the day, and the findings may not be exactly the same if we had performed them at night. We restricted sleeping position to supine to minimize the effects of posture on AHI variability. The number of subjects was relatively small. Nevertheless, our study was a rigorously designed randomized, controlled, double crossover study with very large and highly significant differences in the AHI and BP responses to saline infusion between the younger and older age groups. We used changes in neck circumference as an index of changes in neck fluid volume because technical limitations prevented us from measuring neck fluid volume. Future studies will be required to measure the amount of fluid accumulating in the neck and how it relates to the changes in neck circumference and UA caliber in association with variations in the AHI.
In conclusion, our findings indicate that induction of fluid overload in older men can precipitate or worsen the severity of OSA. The reason why older men are more susceptible than younger men to this stimulus is unclear, but may involve differing effects of fluid accumulation on UA anatomy, collapsibility, and/or dilator reflexes. Further investigations could explore the possibilities that more fluid accumulates in peripharyngeal tissues, or that genioglossus activation or UA dilating reflexes in response to saline infusion are impaired in older compared to younger men, rendering their UAs more susceptible to collapse. The present findings, along with those of our previous studies, provide a strong rational for testing the effects of reducing nocturnal rostral fluid shift and fluid accumulation in the neck on OSA severity in randomized clinical trials, particularly in older men.
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